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THE MECHANISM OF ACTION OF MKRN3 




Background: MKRN3 is a gene recently identified to encode the first known inhibitor of 
puberty initiation. MKRN3 mutations have been identified in children diagnosed with 
familial central precocious puberty. MKRN3 is a maternally imprinted gene; only the 
father’s allele is expressed by the child. Family studies and patterns of inheritance affirm 
that mutant alleles only result in CPP when the mutation was inherited from the father.  
Although mutations in MKRN3 were found to have implications in development of 
central precocious puberty, its mechanism of action remains a mystery. Previous studies 
in our laboratory have focused on MKRN3’s function as an E3 ubiquitin ligase and thus 
sought to investigate its potential targets in the cell. Because kisspeptin is the most potent 
known activator of GnRH neurons, it seemed to be the most likely candidate. Despite 
efforts to identify an association between kisspeptin levels and MKRN3 expression, little 
headway has been made.  
Objective: Beyond the most common known function of E3 ubiquitin ligases in protein 
degradation, increasing evidence suggests that E3 ubiquitin ligases contribute to aiding 
human brain development throughout childhood and into adolescence. This proposed 
action of E3 ubiquitin ligases led us to propose a role for MKRN3 as a potential regulator 
of GnRH neuronal plasticity and maturation. I hypothesized that MKRN3 plays a role in 
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delaying GnRH neuronal maturation and neuronal plasticity until puberty onset. Thus, 
MKRN3 deficiency would result in premature GnRH neuron maturation. 
Methods: A mouse model of Mkrn3 knockout mice (Mkrn3 +/p-) was compared to 
wildtype mice (Mkrn3+/+). Using DAB IHC, GnRH neurons in the rostral pre-optic area 
(rPOA) area were labeled and morphologically analyzed. Additionally, Golgi staining of 
neurons in the arcuate nucleus was done to visualize details of neuronal synapses. 
Neurons were visualized under 40X and 100X magnification. To visualize spines, 
confocal images of dendrites from Mkrn3+/p- and Mkrn3+/+ mice were captured. Images 
were visualized and analyzed using both ImageJ and NeuronStudio software (for spine 
analysis only).  
Results: Initial morphological analysis of GnRH neurons failed to show any significant 
effect of the Mkrn3 genotype on dendrite arrangement, varying among complex, bipolar, 
and unipolar. Similarly, Golgi staining analysis revealed that the Mkrn3 genotype did not 
have a measurable effect on dendritic spine type percentages. Mkrn3+/p- and Mkrn3+/+ 
mice showed no apparent difference in the percentage of stubby, thin, and mushroom 
shaped spines. However, Mkrn3 deficiency did show an effect on spine density, with 
neurons from the arcuate nucleus of the hypothalamus of Mkrn3+/p- mice having an 
increased total number of dendritic spines compared to neurons from wildtype mice.  
Conclusions: Mkrn3 does not appear to have an effect on dendrite architecture of GnRH 
neurons nor change in spine type of arcuate nucleus neurons. However, the Mkrn3 
genotype does seem to affect neuronal spine density, at least in the population of neurons 
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in the arcuate nucleus. Future research is needed to conclusively determine the 
mechanism of action of MKRN3 and its specific role in central precocious puberty.   
vii 
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The Hypothalamic-Pituitary-Gonadal (HPG) Axis 
Puberty is intricately controlled by an array of neurons, hormones, and factors. 
The interplay between these neurons take place in the hypothalamus. These neurons 
release factors and hormones that control the hypothalamic-pituitary-gonadal axis (HPG 
Axis) axis and communicate with each other via neuropeptides and hormones (Figure 1). 
Playing a crucial role in initiating these signals is gonadotropin-releasing hormone 
(GnRH). GnRH neurons in the preoptic area of the hypothalamus secrete GnRH in a 
pulsatile fashion. Once secreted, GnRH travels to the pituitary gland via the hypophyseal 
portal system. In the pituitary, GnRH stimulates the release of two gonadotropin 
hormones, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). LH and 
FSH travel via the bloodstream to their receptors in the testes and the ovaries. LH 
stimulates steroidogenesis in both females and males, resulting in the release of estrogen 
and testosterone, respectively. FSH promotes the growth and maturation of primordial 
germ cells via stimulation of the Sertoli cells in males and granulosa cells in females 
(Raju et al., 2013). Interestingly, prior to mid-gestation, LH and FSH levels of the 
embryo are independent of GnRH regulation, as there are high levels of LH and FSH, yet 
low numbers of GnRH neurons. This early gestation LH and FSH increase is necessary 
for initial sexual differentiation of the embryo (Guimiot et al., 2012).  Along with 
communicating with downstream targets, these hormones can exert long loop or short 
loop positive and negative feedback regulation on the HPG axis. While levels of sex 
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steroid hormones do increase for a brief period prenatally and postnatally, they decline by 
6 months-1 year in boys and by around 2 years of age in girls. After this period, the HPG 
axis remains quiescent until puberty initiation (Abreu & Kaiser, 2016). Puberty initiation 
follows an increase in pulsatile GnRH secretion. 
GnRH neurons were the focal point considered to initiate the cascade of hormones 
involved in puberty. However, GnRH neurons themselves are now known to be regulated 
by a number of other factors. One of the most significant systems involved in the 
activation of GnRH neurons is the kisspeptin system. Since its discovery in the early 
2000’s, kisspeptin has been recognized as a crucial player in puberty regulation. 
Kisspeptin neurons innervate and activate GnRH neurons in the hypothalamus (Han et 
al., 2005).  In mice, kisspeptin neuron populations exist within the preoptic area (POA), 
in the rostral periventricular area of the third ventricle (RP3V), and within the arcuate 
nucleus (ARC) of the hypothalamus. These neurons have been found to not only regulate 
the preovulatory GnRH surge but also GnRH pulsatile release. Interestingly, kisspeptin 
neurons contain other various hormone receptors than GnRH-ergic neurons, including but 
not limited to estrogen, corticosterone, prolactin, and melanocortin hormone receptors. 
This suggests that kisspeptin neurons may play an important role in integrating relaying 
chemical messages to GnRH neurons with the aim to maintain homeostasis (Franceschini 
& Desroziers, 2013). Kisspeptin receptors (KISS1R) are expressed on GnRH neurons. 
KISS1R are G-protein-coupled receptors. Loss-of-function mutations of KISS1R have 
been found in patients with low levels of GnRH. Such mutations were identified in 






Figure 1. Schematic Diagram of the HPG Axis. Kisspeptin neurons send projections to 
GnRH neurons and stimulate GnRH release. GnRH then acts on the anterior pituitary to 
stimulate the release of gonadotropins, LH and FSH. These hormones will then exert 




Steroid Signaling Within the HPG Axis 
While FSH functions primarily to stimulate folliculogenesis and spermatogenesis, 
LH stimulates the production of gonadal steroids, estrogen and testosterone. In males, LH 
acts on Leydig cells to stimulate the production of androgens, such as testosterone. 
Testosterone has many local as well as peripheral targets. Locally, it acts on Sertoli 
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(nurse) cells to stimulate the production of spermatozoa. Testosterone plays a role in 
development of both primary and secondary sex characteristics in males, such as 
development of the penis and hair growth, respectively.  
In females, FSH plays a primary role in maturation of oocytes, while LH 
stimulates the production of estrogen, in this case primarily estrogen (17 beta-estradiol). 
In females FSH, as is stated in its name, stimulates ovarian follicles to grow. The primary 
targets for FSH in females are granulosa cells that directly surround each oocyte. In 
females, the production of sex steroid hormones requires that two types of cells, 
granulosa cells and theca cells, work in concert. LH acts on theca cells to initiate the 
production of androgens, including dehydroepiandrosterone (DHEA), testosterone, 
androstenedione, and androstenediol. These diffuse out of the theca cells to the adjacent 
granulosa cells where aromatase converts them to estrone and estradiol (Strauss et al., 
2014). In females, estrogen is primarily responsible for development of secondary sex 
characteristics, such as breast development and female fat deposition. Note, that while 
testosterone is predominant in males and estrogen is predominant in females, these 
hormones are present in both sexes and serve physiologically important functions for 
every individual. 
Both estrogen and testosterone have important functions outside of reproduction. 
For instance, estrogen is important for bone growth and durability. In fact, many post-
menopausal women develop osteoporosis in part as a result of the decrease in estrogen 
levels following menopause (Weitzmann & Pacifici, 2006). Both estrogen and 
testosterone can provide negative feedback to the hypothalamus and anterior pituitary to 
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regulate the release of GnRH, and FSH/LH, respectively. The exact mechanism of action 
of how these hormones act to decrease GnRH release remains to be elucidated. A 
proposed mechanism is that they do so indirectly via the Kiss1 neurons (Radovick et al., 
2012).  
 
Normal Puberty Onset 
At the time of puberty initiation, there is a marked increase in GnRH secretion, 
likely due to increased stimulation by activators and decreased inhibition by inhibitors. 
This increase in GnRH secretion leads to a subsequent increase in LH and FSH secretion, 
necessary for the activation of gonads and secretion of testosterone and estradiol. Increased 
levels of these hormones are a powerful indicator that puberty has begun. At the onset of 
puberty, the body begins to not just undergo hormonal changes but also physical changes. 
The most apparent physical changes include the development of secondary sex 
characteristics and a growth spurt. Puberty also results in changes in body composition, 
such as the distribution of fat and muscle. In females, the increase in FSH secretion 
following puberty allows for the full maturation of oocytes. Having been previously halted 
in prophase I of meiosis prior to birth, primary oocytes only resume meiosis at puberty. 
Markers of puberty initiation in girls also include breast development and subsequently 
menarche, or menstruation. Similarly, in males, puberty is marked by the development of 
the gonads, such as growth of the testes and the development of sperm in the testes (the 
equivalent of menses in girls) (Figure 2).  
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Although puberty normally begins within the period of 8-12 years of age in girls 
and 9-14 years of age in boys. In addition to sex and genetic factors, there are other 
factors that can also influence the age of puberty initiation, including socio-economic 
factors. Thus, there is an approximately 4-5 year window that is considered to be normal 
for the age of puberty onset. Occurrence of puberty onset before or after this window is 
usually classified as abnormal. Absence of markers of puberty onset by age 13 years in 
females and 14 years in males is labeled as delayed puberty. There are various causes of 
delayed puberty. One of the most common causes of delayed puberty is constitutional 
delay of growth and maturation, which is often familial (Abreu & Kaiser, 2016). If the 
absence of puberty onset persists beyond 18 years of age, it is referred to as 
hypogonadism. Types of hypogonadism include hypogonadotropic hypogonadism, 
hypergonadotropic hypogonadism, and functional hypogonadotropic hypogonadism 
(FHH) (Sedlmeyer & Palmert, 2002). A type of hypogonadotropic hypogonadism, 
Kallmann’s syndrome, results from the improper migration and maturation of GnRH 
neurons. Because GnRH and olfactory neurons migrate to the hypothalamus together, 
patients with Kallmann’s syndrome often present with anosmia, or absent sense of smell 





Figure 2. Physical Markers of Puberty Initiation. Puberty initiation results in the 
appearance of several physical changes, such as growth spurt in both males and females, 
breast development in females, and testicular enlargement in males. Sex specific changes 
include breast development in girls and testicular enlargement in males, amongst other 
changes (Abreu & Kaiser, 2016). 
 
Another form of abnormal puberty that falls on the other side of the spectrum is 
precocious (early) puberty. Onset of puberty earlier than age 8 in girls and age 9 in boys 
is classified as precocious puberty. Central precocious puberty (CPP) or gonadotropin-
dependent precocious puberty occurs with premature activation and signaling of GnRH 
neurons. Central precocious puberty can occur as a result of tumors or lesions in the 
central nervous system (CNS), due to genetic causes, or as a result of a variety of other 




Precocious Puberty and Its Impact on Quality of Life  
Precocious puberty can have both short-term and long-term impacts on quality of 
life. It is not hard to imagine that going through puberty at a much younger age can be 
disturbing and embarrassing for many kids. Furthermore, precocious puberty can increase 
the risk for other diseases (Abreu et al., 2013). Although precocious puberty is not 
common, the incidence of this disease has increased in recent years. Approximately 1 out 
of 5,000 children are diagnosed with precocious puberty. A large percentage of children 
diagnosed are girls, with a female to male ratio of approximately 20:1. Cases of 
precocious puberty are also more prevalent in certain populations, including African 
Americans and those of Hispanic/LatinX backgrounds. 
The psychological impact of precocious puberty arises not only from hormonal 
changes but also from the sociological effects. There is a heightened desire to be similar 
to peers during late childhood and adolescence. Being the first to undergo puberty and 
mature physically can, therefore, be ostracizing for some impacted children. Studies have 
found increased rates of depression, anxiety, negative self-image, and interpersonal stress 
in children who matured earlier than their peers (Rudolph et al., 2014).  The increased 
rates of psychological stress may be exacerbated by hormonal changes that occur with 
puberty initiation. It has been found that girls who enter puberty earlier have higher levels 
of estradiol that persist well into their 20s and early 30s (Mendle et al., 2007). Poor self-
confidence can continue into adulthood due to long term physical differences that persist, 
such as short stature. Although children who enter puberty earlier are initially taller than 
their peers because of their earlier growth spurt, they ultimately tend to be shorter in 
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stature in later adolescence and adulthood. This is due to the increase in estrogen, most 
importantly estradiol, that initially causes long bones to grow but ultimately induces 
fusion of the epiphyseal plates, halting further linear growth (Karimian et al., n.d.). A 
study investigating the effect of GnRH agonist treatment in girls with precocious puberty 
found a 7.9 cm gain in girls following treatment with growth hormone plus GnRH and a 
1.6 cm gain with GnRH treatment alone (Pasquino et al., 1999).  
Early maturation has also been associated with increased rates of eating disorders, 
substance use, sexual activity, and poor academic achievement. Girls with early puberty 
are more susceptible to body dissatisfaction and poor body image. Subsequently, these 
girls were also more likely to immerse in excessive dieting. As for substance use, 
children with precocious puberty are more likely to start drinking and smoking at an 
earlier age. The earlier sexual development and maturation in these children is consistent 
with earlier engagement in sexual activities. The poor academic achievement may be 
linked with ostracization. Children who feel they do not fit in may ostracize themselves 
further and engage in behavior that deviates further from the norm, such as getting in 
trouble in school (Mendle et al., 2007). Additional adverse outcomes linked to early 
puberty in children include obesity, type 2 diabetes, and cardiovascular disease. Studies 
found that early puberty was correlated with increased risk of hypertension, angina, and 
certain types of cancer. For instance, women that entered puberty early were more likely 





Makorin Ring Finger Protein 3 (MKRN3) and Puberty Initiation 
 Although there are many environmental factors that may contribute to early 
puberty in children, there is also a genetic component to many of these cases. 
Approximately 27.5% of patients with central precocious puberty have a family history. 
Interestingly, there has been more similarity in puberty timing among monozygotic twins 
when compared to dizygotic twins. Multiple genes have been identified as important 
modulators of puberty initiation, some contributing to activation and others to inhibition 
of GnRH neurons. For many years, no single gene was identified in having a significant 
role in precocious puberty (Abreu et al., 2013). In recent years, a gene encoding Makorin 
ring finger protein 3 (MKRN3) was discovered harbor mutations in a significant number 
of children diagnosed with central precocious puberty. MKRN3 is found on chromosome 
15, in the Prader-Willi syndrome (PWS) critical region (Figure 3). It is a maternally 
imprinted, intronless gene, in which the maternal allele is silenced, and the paternal allele 
is solely expressed. Therefore, any mutation in MKRN3 is passed down by paternal 
lineage (Figure 4) (Abreu & Kaiser, 2016).  
 
Figure 3. Location of MKRN3 Gene. The MKRN3 gene is an imprinted gene located 





Figure 4. Schematic Representation of Inheritance Pattern of MKRN3 Mutations. 
The above figure depicts five families with MKRN3 mutations and a history of central 
precocious puberty. The squares represent males, while the circles represent females. The 
black circles and squares indicate family members clinically affected, symbols containing 
back circles asymptomatic carriers. Family members with unknown phenotypes are noted 
with a question mark and deceased family members are noted with an X (Abreu et al., 
2013).  
 
MKRN3 has a ring finger domain, which is seen in many E3 ubiquitin ligase 
proteins. An E3 ubiquitin ligase mediates the interaction between an E2 ubiquitin-
conjugating enzyme and a specific protein. It then aids in the transfer of ubiquitin from 
E2 to the specific protein, often then targeting that protein for proteasomal degradation. 
The zinc finger motif also present in MKRN3 is common to RNA-binding proteins and 
can play an important role in protein-protein interactions, as well (Ahmad et al., 2019). 
Interestingly, MKRN3 mRNA levels were found to be high in mice prepubertally and 
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then significantly decline just prior to puberty initiation. Thus, it has been proposed that 
MKRN3 acts as a ‘brake’ on puberty initiation. This was emphasized by later studies that 
showed that Mkrn3 mRNA levels were inversely correlated with Kiss1 and Tac2 (coding 
for neurokinin B) mRNAs, suggesting that MKRN3 might act as an inhibitor of GnRH 
secretion (Abreu et al., 2013). Like Kiss1, Tac2 is expressed in the ARC and plays an 
important role in pubertal onset (Gill et al., 2012). The proposed mechanism of action of 
MKRN3 was through actions on kisspeptin neurons, upstream of GnRH neurons. 
MKRN3 was hypothesized to affect kisspeptin levels in the hypothalamus, thereby 
potentially downregulating a major stimulatory factor for GnRH neurons.  
MKRN3 mutations have been found in a number of patients diagnosed with 
central precocious puberty. Most of the mutations found were frameshift mutations, 
leading to a premature stop codon and truncated proteins. Other missense mutations 
found in MKRN3 in these patients were consistent with loss-of-function mutations. Some 
of these mutations were found in the RING finger motif of MKRN3, which could 
interfere with its ability to form the protein-protein interactions important for its E3 






Figure 5. Important MKRN3 Domains and Most Common Mutations Observed in 




GNRH Neuron Morphology and Maturation               
The GnRH neuron has a very unique morphology compared to other neurons of 
the central nervous system. GnRH neurons have very long dendrites. One or both of these 
dendrites project out to the median eminence, where they branch out into multiple short 
terminals. This branching facilitates GnRH secretion into the hypophyseal portal 
vasculature. Interestingly, these projections act both as dendrites and axons, in that they 
both receive synaptic inputs and propagate action potentials. The GnRH neuron is also 
unique in its early development in that it originates outside of the brain. GnRH neurons 
emerge from the nasal placode and later migrate alongside olfactory neurons and 
ultimately to the hypothalamus in the brain. This form of migration results in a unique 
pattern in the cell bodies, which appear to be dispersed in different areas along the basal 
forebrain (Herbison, 2016). As they mature, GnRH neurons undergo a series of 
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morphological changes (Figure 6). Immature GnRH neurons have a complex structure 
that is classified by having more than two projections. Studies in mice found that 
prepubertal GnRH neurons in the rostral preoptic area (rPOA) of the hypothalamus had 
considerably more branching than adult GnRH neurons. As these neurons mature, they 
start to exhibit a unipolar morphology with one dendrite and/or a bipolar morphology 
with two dendrites (Figure 7) (Cottrell et al., 2006). 
 
Figure 6. Diagram of GnRH Morphological Changes During Maturation. GnRH 
neurons progress from immature complex neurons to mature bipolar and unipolar 
neurons during development. GABA, along with glutamate, plays an excitatory role on 
GnRH neurons during development, however switches to an inhibitory role following 





Figure 7. GnRH Neuron Complex and Simple Unipolar Morphology. Adapted from 
(Cottrell et al., 2006).  
 
 In addition to changes in the number of dendrites, GnRH neurons also undergo 
changes in spine density with maturation. Mouse studies found significant increases in 
spine density in adult mice compared to prepubertal mice. This large increase in spines 
was primarily seen near the cell body and proximal dendrite. Changes in spine density are 
due to changes in excitatory input to that area. In fact, spines are almost always confined 
to areas with glutamatergic input (Xue et al., 2014). Therefore, an increase in excitatory 
input to a specific region of a dendrite results in an increase in spine density in the same 
region. This finding is consistent with a measured increase in glutamatergic transmission 
to GnRH neurons throughout the maturation of GnRH neurons. There is also an increase 
in expression of N-methyl-D-aspartate (NMDA) receptors on GnRH neurons (Gore et al., 
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1996). NMDA receptors are ligand-gated cation channels responsive to glutamate. These 
channels are particularly permeable to calcium ions and allow for excitatory synaptic 
communication (Blanke & VanDongen, 2009).  
 Another important input to GnRH neurons is the amino acid transmitter -
aminobutyric acid (GABA). GABA plays an important role in various developmental 
stages of GnRH neurons, including migration and pubertal activation (Han et al., 2002). 
Furthermore, GABA inputs to GnRH neurons appear to remain consistent throughout 
development and well into adulthood. The most important change in GABAergic inputs 
to GnRH neurons is in the electrophysiological effect. Prior to puberty, GABAA receptor 
signaling results in depolarization of the GnRH neuron and an excitatory effect similar to 
glutamate. However, following puberty, GABAA receptor signaling on GnRH neurons 
shifts to become hyperpolarizing and inhibitory. Investigators found marked changes in 
GABAA receptor subunit mRNA expression during development (Sim et al., 2000). 
 It is important to note that GnRH neurons receive a large amount of inputs from 
various neurons with cell bodies in different regions of the brain (Figure 8). 
Additionally, as GnRH neurons mature, their receptor profile also undergoes changes. 
Most notably, there are increases in the expression of the kisspeptin receptor, Kiss1R 
(also called Gpr54 receptor). A previous mouse study observed that approximately 40% 
of GnRH neurons express Kiss1R receptors pre-pubertally at PND 5. These numbers 
were shown to increase to 70% at PND 20 and in adult mice. Not only does the Kiss1R 
increase with age, but the ligand itself, kisspeptin, increases in the neurons located in the 
rostral periventricular area of the third ventricle (RP3V) from ~PND 15 to ~PND 30 in 
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females (Figure 9). With increased kisspeptin ligand and receptors, there is an overall 
heightened electrical response of GnRH neurons to kisspeptin. Additionally, the plasticity 
in neuron development appears not only in GnRH neurons but also kisspeptin neurons. 
Just prior to the start of puberty, kisspeptin fibers are observed in the immediate vicinity 
of GnRH neuron cell bodies and proximal dendrites (Clarkson et al., 2010). Kisspeptin 
signaling has been found to stimulate neurite development and growth of GnRH neurons 
and thus, appears to have a role in the plasticity and structural changes GnRH neurons 
undergo (Franceschini & Desroziers, 2013).  
 
 
Figure 8. Various Projections to GnRH Neuron. Kisspeptin neurons in the AVPV/PeN 
(also known as the RP3V) nucleus and ARC send stimulatory projections to GnRH 
neurons. Neurons expressing substance P and neurokinin A also send projections to 
GnRH neurons and play a role in puberty regulation in mice. Notably, kisspeptin neurons 






Figure 9. Development of Kisspeptin Signaling to GnRH Neurons. There is increased 
kisspeptin synthesis and increased signaling to the Kiss1r on GnRH neurons as mice 







Central precocious puberty has been associated with many negative long-term 
health problems, including depression, anxiety, and obesity, primarily in females. Given 
its important role in puberty regulation, MKRN3 poses to be an important target for 
possible treatment of puberty disorders. MKRN3 has been discovered to be one of the 
first known inhibitors of GnRH neurons and functions as an inhibitor of puberty 
initiation. However, its mechanism of action remains unclear. Previous studies have 
drawn attention to the function of MKRN3 as an E3 ubiquitin ligase, proposing that a 
possible mechanism of action of MKRN3 in puberty control may be linked to 
degradation of proteins or factors involved in puberty initiation, such as kisspeptin. 
Although this is an appealing hypothesis, no significant findings associating MKRN3 
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with kisspeptin degradation have been reported to date. A study in our laboratory using 
engineered human induced pluripotent stem cell (hiPSC)-derived hypothalamic neurons 
revealed variation between wildtype and MKRN3 deficient neurons in gene expression of 
factors involved in neuronal development and synaptic plasticity, such as extracellular 
matrix organization, cell adhesion, and axon guidance pathways. This thesis utilizes a 
mouse model to investigate whether MKRN3 has a role in regulating postnatal neuronal 
plasticity. By comparing mice with Mkrn3 deficiency to mice with normal Mkrn3 
expression, we aim to get a step closer to discovering the mechanism of action of 






Animal Model  
 Mice were obtained by breeding our previously generated Mkrn3+/p- mice and 
wildtype controls. The Mkrn3 +/p- mice were generated by injection of ES cells carrying a 
deletion of the Mkrn3 gene and introduction of a LacZ marker (Figure 10 A). Note that 
the Mkrn3+/p- genotype is used to depict mice that inherited the mutant allele from their 
father and the wildtype allele from their mother. This is sufficient to generate a Mkrn3 
knockout mouse because the mother’s allele, as mentioned earlier, is imprinted and thus 
silenced. The absence of Mkrn3 mRNA in the hypothalamus was confirmed by our lab 
through real time-quantitative PCR (RT-qPCR). As expected, prepubertal mice that 
carried two wildtype alleles (Mkrn3+/+) and mice that only inherited the mutant allele 
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from the mother (Mkrn3m-/+) expressed Mkrn3 mRNA levels equivalent to wildtype mice. 
Furthermore, following western blot analysis, no MKRN3 protein was found in the ARC 
of prepubertalMkrn3+/p- mice. To establish a 1:1 ratio of wildtype (Mkrn3+/+) and 
knockout (Mkrn3+/p-) mice, we crossed Mkrn3+/p- male mice with Mkrn3+/+ female mice 
(Figure 10 B). The mice were housed and cared for at the Brigham and Women’s 
Hospital, Center for Comparative Medicine animal facility. Breeding and other 
procedures, such as weaning, were also done at the facility. The mice were fed a standard 
diet ad libitum. 
A)                              B) 
 
 
Figure 10. Mkrn3 Deletion and Mouse Model. A. The Mkrn3 gene was selectively 
deleted and replaced with a LacZ cassette. B. Mice were bred to successfully create a 
cohort of knockout mice (Mkrn3+/p-) and a cohort of wildtype mice (Mkrn3+/+). Wildtype 





Isolation of Mouse DNA 
 In order to ensure we had successfully engineered wild type (WT) and knock out 
(KO) mice, we collected a piece of the tail and/or an ear clip to perform DNA isolation. 
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We used just a small piece from the tail or the ear to extract DNA. The rest of the tail or 
ear were stored at -20°C for future use if needed. 100 µL of alkaline buffer was added to 
each Eppendorf tube containing a piece of the tail or ear. The centrifuged tubes were 
subsequently heated for approximately 45 minutes on a heat block. The remainder of the 
tail and ear pieces were crushed thoroughly to aid in dissolving them. Following this, 100 
µL of neutralizing buffer was added to inactivate the alkaline lysis buffer.  
 
PCR 
 Following DNA isolation, PCR was performed to amplify the DNA. A Master 
Mix of Green Taq was prepared in preparation for Polymerase Chain Reaction (PCR). 
The master mix is a solution containing Green Taq, forward primer, reverse primer, and 
RNAse or Nuclease free water. The amount of each product added to the prepare the 
master mix depended on the number of samples. For example, one sample would require 
12.5 µL of Green Taq DNA polymerase enzyme, 1 µL of forward primer, and 5.5 µL of 
RNAase or Nuclease free water. These amounts were multiplied by the sample size 
(number of animals being genotyped). Two master mixes were created: one with Mkrn3 
forward (5’-GCAGTGGGTTGCGGTTTTG–3’) and reverse (5’–
TCTCGTGTGCTTCAATGCAGG–3’) primers, and the other with LacZ forward (5’-
TTGACTGTAGCGGCTGATGTTG–3’) and reverse (5’-
GGTAAACTGGCTCGGATTAGGG–3’) primers. 20 µL of Master Mix and 5 µL of 
DNA isolated in the buffer solution were added to PCR tubes, for a total volume of 25 µL 
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in each tube. The PCR reactions were mixed and centrifuged. The PCR was run on an 
S1000 Thermal Cycler. The amount was set to 25 µL, the total volume in each PCR tube.  
 
Gel Electrophoresis 
 A gel was run and analyzed to determine the genotype of the mice. To prepare the 
gel, 1.5 g of 1% agarose powder (Denville Scientific INC) was added to a flask with 100 
mL of 1X Tris/Boric Acid/EDTA (TBE) buffer. The solution of agarose powder and TBE 
was mixed and heated in the microwave for 2 minutes and 20 seconds. After dissolution, 
under a chemical fume hood, 10 µL of ethidium bromide was added to the flask and 
poured into a gel plate. Twenty µL of each sample (following PCR) was loaded onto the 
gel. To create the DNA ladder of size markers, a 100 base pair solution was used. The gel 
was run at 100 Volts for approximately 45 minutes, or until sufficient migration of the 
bands was achieved.  
 
Immunohistochemistry 
 Intracardiac perfusion was performed on P15 mice using NaCl and 4% 
paraformaldehyde (PFA) in phosphate buffer (PB) (pH 7.4). Prior to the procedure, the 
mice were deeply anesthetized using a ketamine/xylazine solution and sacrificed. Post-
fixation was done in PFA-PB 4% overnight and transferred to sucrose-PB 20% for 
cryoprotection. 30 µm brain slices were cut using a microtome. Subsequently, 12-well 
plates were prepared, with 4 series for the rPOA. 
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 Nickel-Diaminobenzidine (N-DAB) immunohistochemistry (IHC) was used to 
locate and stain GnRH neurons in the rPOA. Slices from two wells of the 12-well plate 
were pooled in a well of a 6-well plate for each mouse. Slices were rinsed three times (5 
minutes per rinse) with 1X phosphate buffered saline (PBS). Pre-saturation was conducted 
for two hours in 3 mL (per well) of 1X PBS/0.3% Triton X-100/2% NGS (normal goat 
serum). Following pre-saturation, slices were incubated for 24-hour with primary 
polyclonal antibody, rabbit anti-GnRH (Immunostar LHRH #20075, lot 1037001 – 
1:1000) in 1 mL (per well) of 1X PBS/0.3% Triton/1% NGS at 4°C. The samples were 
then rinsed with 1X PBS again (3 rinses of 5 minutes). The slices were then incubated with 
secondary biotinylated goat anti-rabbit antibody (1:500 dilution) for 2 hours in 1 mL (per 
well) of 1X PBS/0.3% Triton/1% NGS at room temperature. Another rinse step was 
performed, similar to the previous ones described earlier. Samples were incubated with 
avidin-biotin complex (ABC) kits (Vector labs, PK-6100); 100 µL of reagent A and reagent 
B were diluted with PBS/1% NGS, for a total volume of 5mL (1mL per well). Samples 
were left in a dark location for 30 minutes. ABC reagents were prepared 30 minutes prior 
to incubation step. Another series of three 5-minute rinses with 1X PBS was performed. 
N-DAB substrate was prepared with 5mL distilled water, 80 µL buffer stock solution, 50 
µL DAB stock solution, 80 µL hydrogen peroxide solution, and 40 µL nickel stock 
solution. Revelation with the DAB kit Vector labs (SK-4100) was done for 2 minutes (1 
mL per well). Water was added to stop the color reaction and samples were washed once 




Golgi Staining and Slide Preparation  
To locate neurons in the ARC, Golgi-stained slides were prepared. Mice were 
deeply anesthetized using a ketamine/xylazine solution and sacrificed via spinal transect. 
Following this, the brain was removed, rinsed with double distilled water and placed in 
impregnation solution (FD Rapid GolgiStainTM Kit, 2002). The impregnation solution 
was prepared (unstirred) 24 hours before use by combining equal volumes of Solution A 
and Solution B (mercuric chloride, potassium dichromate, and potassium chromate). 
Using a few drops of Solution C, we fixed 100 µm cryostat generated brain slices to 
gelatin coated microscope slides. Any excess Solution C was removed using a Pasteur 
pipette and the slides were left to dry overnight. The staining solution was prepared using 
a 1:1:2 ratio of Solution D, Solution E and double distilled water, respectively. Sections 
were rinsed twice for 4 minutes using double distilled water and subsequently immersed 
in the staining solution for 10 minutes. Sections were rinsed 2 times again for 4 minutes, 
dehydrated and then cover-slipped with Permount®. The prepared slides were stored in 
the dark at room temperature.  
 
GnRH Neuron Imaging and Analysis  
 N-DAB IHC allowed for labeling of GnRH neurons within the rPOA. Images of 
the GnRH neurons were captured at 63X magnification using a Zeiss LSM710 confocal 
microscope (Boston Children Hospital, Cellular Imaging Core). The neurons were 
located and identified with the help of the Paxinos and Franklin’s mouse atlas. Neurons 
were quantified from 3 distinct rPOA sections per animal. The images were then 
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analyzed using ImageJ software (from the National Institute of Health; 
http://imagej.nih.gov/ij/). The GnRH neurons were analyzed and classified based on their 
morphology, as complex (having more than 2 dendrites), unipolar (having only 1 
dendrite) , bipolar (having 2 opposing dendrites), or soma (only cell body visible). To 
clarify, the designation of soma indicates that only the soma was visible; dendrites may 
be present but are out of the plane of the image. Classification was done blinded – i.e., 
the genotype of the animal under study was not known until after completion. The total 
number of soma, complex, unipolar, and bipolar classifications of GnRH neurons for 
each animal were summed for each group. The total number of GnRH neurons for each 
animal was calculated, excluding those classified as soma. For the purpose of our 
statistical analysis, neurons classified as soma were excluded because of the uncertainty 
of their actual morphology. The percentage of complex, bipolar, and unipolar neurons 
were calculated from the total number of cells. Animals were then further classified based 
on their genotype, Mkrn3+/+ or Mkrn3 +/p-. The average number of soma, complex, 
bipolar, and unipolar neurons were determined individually for each genotype. Using 
these values and the number of animals (or population size), the standard deviation was 
calculated for each classification. A two-tailed t-test was performed using GraphPad 
Prism software to determine if there were significant differences in morphology s 




ARC Neuron Spine Imaging and Analysis 
 Using the Golgi stained slides, images of ARC neurons were captured at 100X 
magnification using a Zeiss Axioskop 2 Plus (Brigham and Women’s Hospital, 
Neurotechnology Studio) microscope. The neurons were located and identified with the 
help of the Paxinos and Franklin’s mouse atlas. Neurons in the ARC were chosen 
because of their known role in development and reproduction. These neurons also show 
high synaptic plasticity as they mature. This area contains kisspeptin neurons, which are 
highly involved in puberty regulation. Images of dendritic spines were acquired. Ten 
post-natal neurons located in the ARC of each animal were selected and 2-3 dendrites per 
neuron were analyzed. Individual dendrites were visualized under 100X magnification. 
Live properties, such as exposure and brightness/contrast, were kept the same for all 
images. A z-stack of the images from the individual dendrites was created using the 
software Image J. The images were changed from RGB color to 8- bit and each z-stack 
image was inverted so that it could be further analyzed by the NeuronStudio imaging 
software (from Icahn School of Medicine at Mount Sinai; 
http://research.mssm.edu.cnic/tools-ns.html). Beginning 50 µm from the base of the soma 
of each neuron, a 100 µm section (in length) of each dendrite was measured and labeled. 
This 100 µm length was the region of interest to be analyzed by the semi-automated 
Spine Classifier of NeuronStudio. 
On NeuronStudio, spines were identified as having a minimum height of 0.200 
µm, maximum height of 3.00 µm, and width of 3.00 µm. The spines were then further 
classified into three different types—stubby, long, and mushroom spines (Figure 11). 
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The following settings were used to distinguish between the three spine types: the 
thresholds for stubby spine size were set to 5-10 voxels (voxel dimensions are x = 0.066 
µm, y = 0.066 µm, and z= 1.00 µm), the neck ratio set to 1.00 µm, the thin ratio set to 
2.50 µm, and the mushroom size set to 0.350 µm. The program classified spines 
automatically. Some correction was done manually for misclassified spines. Spine type 
was quantified per 100 µm of each dendrite and numbers were averaged per animal. The 
average number of each spine type was determined for each genotype. Three mice for 
each genotype, Mkrn3 +/p- and Mkrn3+/+, were used for this experiment. The standard 
deviation for each measurement was also determined. Percentage of each spine type was 
determined from the total number of spines to ensure that a significant difference in spine 
types was not due simply to one having more spines in general. In a similar manner, the 
average and standard deviation of these percentages were calculated for genotype. 







Figure 11. Different Spine Types and Distinguishing Features. (A) As the spines 
mature they progress from a filopodia shape (far left) to a more branched shape (far 
right). For the purposes of our experiment, we focused on three classes of spines: thin 
(yellow), stubby (green), and mushroom (blue) spines. Maturation of the spine in our case 
was classified as progressing from thin to stubby to mushroom. (B) Image of a Golgi-
stained dendrite showing the different types of spines labeled accordingly with a colored 






Genotyping and Mkrn3 Validation Studies 
 Genotyping results affirmed that breeding pattern was successful to generate a 
line of knockout (Mkrn3 +/p-) and wildtype (Mkrn3+/+) mice. Knockout mice were 
identified as having a band present for both Mkrn3 and the cassette gene, LacZ (Figure 
12). Animals were bred to inherit the mutant allele from their father and thus will still 
have the normal allele from the mother (which is silenced) detected by PCR (97 base 
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pairs). A successful knockout is indicated by the presence of LacZ (773 base pairs). On 
the other hand, wildtype mice (Mkrn3+/+) should only present with a band for Mkrn3. 
Because the wildtype mice have both Mkrn3 alleles, the Mkrn3 band is expected to have 
a higher intensity than in the knockout mice.  
 
Effect of Mkrn3 Genotype on GnRH Neuron Morphology 
 To investigate the effect of Mkrn3 knockout on GnRH neuron morphology, we 
visualized DAB-stained neurons following GnRH IHC and quantified the number of 
bipolar, unipolar, and complex neurons using confocal microscopy (Figure 13). We 
selected five Mkrn3+/+ mice and five Mkrn3 +/p- mice at P15 and analyzed their GnRH 
morphology. The average number of neurons analyzed from each genotype was kept 
relatively constant, with an average of 31 neurons for the wildtype animals and 27 
neurons for the knockout animals. The alpha level was set to 0.05, with values < 0.05 
being significant. There was no significant difference in the number of neurons 
displaying complex, unipolar, or bipolar morphologies in Mkrn3+/+ mice compared to 
Mkrn3 +/p- mice (Figure 14). The following were the p-values for complex, bipolar, and 
unipolar: 0.8790, 0.07954, 0.8383, respectively. Additionally, there was no significant 
impact of the Mkrn3 genotype on the percentage of neurons presenting the different 
GnRH morphologies: complex, bipolar and unipolar (p=0.7619, p=0.1529, and p=0.2464, 




Effect of Mkrn3 Genotype on Neuronal Spine Density and Type in the ARC 
 To investigate the effects of Mkrn3 genotype on neuron spine density and spine 
type, I visualized Golgi-stained neurons from the ARC of 6 mice (3 wildtype and 3 
knockout) (Figure 16a). Unlike IHC used to locate GnRH neurons, Golgi staining is not 
specific to a certain type of neuron. Neurons in the ARC were chosen on the basis of their 
established involvement in post-natal development. The total number of spines and the 
spine types (stubby, thin, and mushroom) was quantified for a 100 µm segment of each 
dendrite. The best dendrites of each animal were selected, trying to avoid broken or 
‘messy’ dendrites which could interfere with correct spine identification. Approximately 
8-10 neurons per animal was selected, for each of which 1-2 dendrites were analyzed. 
The number of dendrites selected per animal was kept the same, at 12 dendrites. 
Averages were first taken for each individual animal and then the mean was calculated 
for each genotype. The alpha level for significance was set to .05, with values less than 
.05 being significant. No significant influence of Mkrn3 genotype on spine type was 
found. There was no difference in the percentage of stubby and mushroom spines 
between the two genotypes (p=0.7533 and p=0.3185, respectively) (Figure 16b). 
Similarly, when determining the percentage of thin spines from the total number of spines 
of each genotype, no significant difference was detected (p=0.0924). However, there was 
a significantly higher number (not percentage) of thin spines in the Mkrn3 +/p- knockout 
mice compared to Mkrn3+/+ wildtype mice (p=0.0464). Contrastingly, there was no 
significant difference in the number of stubby or mushroom spines (p=0.4978 and 
p=0.6882, respectively) between the knockout mice and the wildtype mice (Figure 17a). 
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There was a significantly higher number of thin spines in the Mkrn3 +/p- knockout mice 
compared to Mkrn3+/+ wildtype mice (p=0.0464). Although no differences in spine types 
were observed, there was a significant difference in the total number of spines. 
Interestingly, there was a significantly increased number of total spines in the Mkrn3 






Figure 12. Genotype Results for Mkrn3 Knockout Studies. PCR amplification was 
used to identify presence of the Mkrn3 gene and the cassette gene, LacZ. Mkrn3 bands 
are expected to be 97 base pairs in size, while LacZ bands are expected to be 773 base 
pairs in size. A 100 base-pair DNA ladder was used to provide size markers. The upper 
wells were filled with samples amplified for Mkrn3. The wells in the lower part of the gel 
were filled with samples amplified for LacZ. Mkrn3 +/p- knockout mice were 
characterized as having bands present for both LacZ and Mkrn3. Mkrn3+/- wildtype mice 





Figure 13. GnRH Neurons in the rPOA. Images of GnRH neurons in the rPOA region 
of PND mice show the three distinct morphologies that were quantified. These neurons 
have a unipolar, bipolar, and complex morphologies, from left to right, respectively. The 







Figure 14. Morphology of GnRH Neurons in Mkrn3+/+ Mice vs. Mkrn3 +/p-   
Mice. The numbers of complex, bipolar, and unipolar GnRH neurons were quantified for 
five wildtype (Mkrn3+/+) and five knockout (Mkrn3 +/p-) mice. No significant difference 
was found between wildtype mice and knockout mice across all 3 morphologies. Error 






Figure 15. Relative (Percent) Morphology of GnRH Neurons in Mkrn3+/+ Mice vs. 
Mkrn3 +/p- Mice.  The numbers of complex, bipolar, and unipolar GnRH neurons were 
quantified for five WT (Mkrn3+/+) and five KO (Mkrn3 +/p-) mice. Percentage of each of 
the three morphologies was calculated from the total number of GnRH neurons. No 
significant differences were found between wildtype and knockout mice across all 3 






Figure 16a. Images of Neurons in the ARC of Mkrn3+/+ vs. Mkrn3 +/p- Mice. The 
images above were obtained using a Zeiss Axioskop 2 Plus microscope (Brigham and 
Women’s Hospital, Neurotechnology Studio). The neurons were Golgi stained to allow 
for visualization of dendrites and dendritic spines. (A) and (B) are dendrites from 
knockout (Mkrn3 +/p-) mice. (C) and (D) are dendrites from wildtype (Mkrn3+/+) mice. 
















Figure 16b. Relative Percentage of Stubby, Thin, and Mushroom Spines of ARC 
Neurons in Mkrn3+/+ Mice vs. Mkrn3 +/p- Mice.  The total numbers of spines on ARC 
neurons were quantified for three wildtype (Mkrn3+/+) and three knockout (Mkrn3+/p-) 
mice. Spines were summed from 12 dendrites from each animal. The results were pooled 
into two categories, Mkrn3+/+ and Mkrn3+/p-, for comparison. Error bars represents the 






Figure 17a. Number of Spines on ARC Neurons in Mkrn3+/+ Mice vs. Mkrn3 +/p- 
Mice. The numbers of stubby, thin, and mushroom spines on ARC neurons were 
quantified for three wildtype (Mkrn3+/+) and three knockout (Mkrn3 +/p-) mice. Spines 
were summed from 12 dendrites from each animal. * indicates significance (P < .05) 








Figure 17b. Images of Neuronal Dendrites. (A) Representative dendrite from a 
wildtype (Mkrn3 +/+) mouse; (B) Representative dendrite from a knockout (Mkrn3+/p-) 
mouse. There is a greater number of spines on the dendrite from the KO mouse vs. the 



















 Using a mouse model, we investigated the effects of Mkrn3deficiency on GnRH 
neuronal morphology and synaptic plasticity. I analyzed the morphology of GnRH 
neurons in the rPOA area of Mkrn3+/+ and Mkrn3 +/p- mice a PND15 (postnatal day 15). In 
addition, the neuronal spine profile (i.e., types of neuronal spines) was analyzed for 
population of neurons in the ARC of wildtype mice and Mkrn3 deficient mice at PND15. 
No significant difference was found in the morphology of GnRH neurons of KO animals 
compared to WT animals. Similarly, no significant differences were found in the number 
and percentage of stubby and mushroom spines. There was a significant difference in the 
number of thin spines, although no significance was found in the percentage of thin 
spines out of the total number of spines between the two genotypes. Remarkably, there 
was a significant increase in the number of total spines in KO animals when compared to 
WT.   
Morphological analysis of the GnRH neurons did not reveal any significant 
difference between the Mkrn3 knockout mice and Mkrn3 wildtype mice. I expected to see 
an increased percentage of bipolar and unipolar neurons and a decreased percentage of 
complex neurons in Mkrn3+/p- mice compared to Mkrn3+/+ mice. As GnRH neurons 
mature, they undergo morphological changes from a more complex array of dendrites to a 
bipolar and subsequently unipolar arrangement. The lack of effect of Mkrn3 deficiency 
on GnRH neuron morphology suggests that MKRN3 may not play role in the 
morphological maturation of GnRH neurons. However, it is possible that the lack of an 
observed effect may be due to the age of the mice sampled and analyzed.  Only a small 
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number of complex neurons were identified in both cohorts of mice, suggesting that most 
of the GnRH neurons visualized had already undergone maturation. Studies suggest that 
postnatal GnRH neuron remodeling may occur closer to age PND10 in mice (Cottrell et 
al., 2006). Thus, analysis at PND10 may show a greater distinction in GnRH neuron 
morphology between Mkrn3 knockout and wildtype mice. I would expect to see a lower 
number of complex neurons in Mkrn3 KO mice as early maturation would lead to 
premature transition of complex neurons to bipolar and eventually unipolar morphology. 
If MKRN3 does have a role in GnRH plasticity, then MKRN3 deficiency would release 
the brake on GnRH neuron maturation, allowing for early puberty initiation. However, to 
test if this hypothesis is correct further research is required. 
A plausible explanation for the lack of effect of Mkrn3 deficiency on the GnRH 
neuron morphology may be that Mkrn3 is not acting at the level of GnRH neuron 
maturation, but rather acting upstream on a neuron that contributes to GnRH neuron 
activation and GnRH release to trigger puberty. Kisspeptin neurons would be the prime 
candidate for this mechanism. As described earlier, it has been proposed that MKRN3 
may play a role in the degradation of important GnRH activating factors, such as 
kisspeptin or its receptor. However, it is also plausible that MKRN3 may have effects on 
kisspeptin neuronal plasticity. Our study focused on the effect of Mkrn3 on GnRH neuron 
morphological maturation, but did not look at its effect on the maturation of other 
neurons important in the control of puberty onset, such as kisspeptin neurons. 
Interestingly, previous studies revealed a peripubertal increase in the proportion of 
kisspeptin immune-reactive fibers apposed to GnRH neurons. This finding suggests a 
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postnatal morphological change and maturation of the kisspeptin system in association 
with puberty (Franceschini & Desroziers, 2013). It would be interesting to further 
investigate the role of Mkrn3 in kisspeptin synaptic plasticity and dendritic projections to 
the GnRH neurons. Additionally, it is important to consider the involvement of 
glutamatergic and GABAergic input to GnRH neurons. The profile of these inputs 
changes significantly with postnatal development, suggesting their involvement in GnRH 
neuron activation. In particular, GABA input to GnRH neurons has been shown to switch 
from depolarizing to hyperpolarizing in association with puberty (Han et al., 2002). It is 
possible that MKRN3 may regulate the timing of puberty onset through effects on 
neuromodulators such as GABA or glutamate. Whether the effect is on the 
neurotransmitters themselves, on transporters, or on their receptors are all possibilities 
that are important to investigate. Such studies could be done by colocalization of Mkrn3 
with markers of GABAergic and glutamatergic neurons, or by taking advantage of Mkrn3 
KO and WT mice to determine the effects of Mkrn3 deficiency on GABA levels, Vgat, or 
GABA receptors. Vgat is an important transporter enabling uptake of GABA and glycine 
by synaptic vesicles (Chaudhry et al., 1998). Similarly, it would be important to explore 
possible effects of Mkrn3 on glutamate signaling via effects on glutamate levels or 
NMDA receptors. As mentioned earlier, as GnRH neurons mature post-natal, they exhibit 
an increase in glutamatergic signaling. Whether Mkrn3 acts as a mediator in this 
physiological change is unknown.  
Analysis of dendritic spines on neurons in the ARC revealed significant increases 
in the number of spines in Mkrn3 KO mice compared to Mkrn3 WT mice. This finding is 
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very interesting because it indicates that MKRN3 deficiency could impact neuronal 
maturation. Furthermore, these results suggest an effect of MKRN3 on synaptic 
plasticity. I expected that Mkrn3 deficient mice would exhibit more mature neurons 
because of the release of inhibitory effects of MKRN3 on neuronal development. 
Maturing neurons develop an increasing number of dendritic spines, with a mature 
neuron containing more spines than immature neurons, resulting in the potential for more 
connections between neurons. The ability of mature neurons to send more outputs and 
receive more inputs is displayed by their refined morphologies (Gipson & Olive, 2017). 
The ARC contains a diverse array of neuron populations. With its mixed neuron 
population, the ARC is important for various functions. For instance, POMC/CART 
neurons and NPY/AgRP neurons in the ARC have important roles in feeding behavior 
and energy metabolism (Minor et al., 2009). Other neurons, such as kisspeptin and 
neurokinin B (NKB) neurons, play important roles in reproductive pathways and pubertal 
timing (Navarro et al., 2011). As part of a follow up study, it would be noteworthy to 
explore whether the increased spine density we observed in ARC neurons in Mkrn3 KO 
mice is specific to a certain neuron population. In particular, distinct MKRN3 effects on 
the spine density of kisspeptin and NKB neurons would provide strong support that 
MKRN3 is inhibiting pubertal onset by delaying neuronal development of key neurons 
controlling the reproductive axis.   
On the other hand, our findings on spine type did not display the results we 
expected. In particular, when comparing the average number of thin spines for each 
genotype, the opposite effect was actually observed.  According to my hypothesis, I 
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expected to see a decrease in the number of thin spines in Mkrn3 +/p- mice when compared 
to Mkrn3+/+ mice. The reason for this expectation is because as these neurons mature, 
spines progress from thin to stubby to mushroom in type. Based on our hypothesis that 
MKRN3 inhibits neuronal development and maturation, then MKRN3 deficiency would 
result in earlier maturation of neurons. Thus, Mkrn3 KO mice would be expected to 
exhibit a spine profile similar to that of mature neurons. However, our results showed 
significantly fewer thin spines in Mkrn3+/+ WT mice than in Mkrn3+/p- KO mice. There 
are a few possible explanations for the discrepancy in these results and the reason for a 
greater number of thin spines in the KO mice.  One plausible explanation is the fact that 
KO mice simply had a greater number of total spines than WT mice. A greater number of 
spines would result in a greater number of not only thin spines but also stubby and 
mushroom spines. To account for this possibility, the percentage of each spine type was 
calculated. When comparing these percentages, no significant difference was found for 
thin spines in KO vs. WT mice. These results are consistent with the explanation given 
above. Another possibility relates to the limitations of NeuronStudio, the software we 
used for our analyses, in its classification. NeuronStudio is only able to distinguish spines 
into three categories: thin, stubby, and long spines. Other spine types, such as filipodia 
and branched spines, are simply grouped into either the thin spine category or the 
mushroom spine category. As a result, there may be an apparent increase in thin spines or 
mushroom spines.  
Similarly, due to my prediction that MKRN3 may be involved in inhibiting 
synaptic plasticity, I anticipated to see more stubby and mushroom spines in Mkrn3+/p- 
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animals. However, no significant difference in the number nor percentage of stubby and 
mushroom spines was found between Mkrn3 KO and WT animals. It is important to note 
that despite the lack of significant differences, we did see a trend to an increase in stubby 
spines in KO mice compared to WT mice. Of the spine types, stubby spines were the type 
to be most often mislabeled, which may be due to poor image resolution or fragmented 
dendrites. Due to the probability for mislabeling of these, it would be best to quantify 
theses spines using a larger sample size (this applies to quantification of other spine types 
as well). On the other hand, the number of mushroom spines in both was nearly the same. 
The average number of mushroom spines for both our knockout and wildtype mice was 
approximately 3.65. Although these results were not what we had initially anticipated, the 
findings are not completely surprising, particularly the similarity in the number of 
mushroom spines. This low number of mushroom spines is consistent with the age of the 
mice used in the study. As neurons mature, they exhibit a greater numbers of mushroom 
shaped spines, with neurons of adult mice exhibiting significantly more (Risher et al., 
2014). At PND15, many neurons in the ARC may not yet be fully mature, so the number 
of mushroom spines will still be relatively low. Therefore, any difference in the number 
of mushroom spines may not yet be discernible.  
Given the potential for misclassification of spines, it may be worth analyzing 
spines on the basis of their structural differences, such as neck width ratios. Recent data, 
suggest that accurate spine classification is challenging in the context of the restraints in 
current imaging tools and software (Tønnesen et al., 2014). Additionally, due to possible 
damage to dendrites when preparing the slides, some spines may be lost, making it 
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difficult to accurately quantify the spine types. Future studies should include more 
animals to help eliminate erroneous errors and reduce variability in the results.   
Further investigation needs to be done to identify the specific role MKRN3 plays 
in puberty initiation and how mutations in this gene lead to familial central precocious 
puberty. For instance, colocalization studies of kisspeptin and Mkrn3 could provide 
useful insights to support a role for MKRN3 acting at the level of kisspeptin neurons. 
Although no effect of Mkrn3 on Kiss1 mRNA expression was identified, it is still 
possible that Mkrn3 has acts to regulate kisspeptin at another level, such as at the level of 
protein synthesis or degradation. Colocalization of MKRN3 and kisspeptin protein would 
support a role for Mkrn3 in degradation of kisspeptin protein, given its E3 ubiquitin 
ligase function. Interestingly, MKRN3 has been shown to interact with other important 
proteins involved in the regulation of pubertal timing, such as LIN28B. polymorphisms in 
LIN28B have been linked to age of menarche onset, childhood growth, and height. 
Association of MKRN3 with transcription factors involved in puberty regulation has also 
been identified (Yellapragada et al., 2019). It would be of interest to further investigate 
the interactions between MKRN3, these factors, and kisspeptin. 
Further research is needed to elucidate the mechanism of action of MKRN3. The 
effect of MKRN3 on synaptic plasticity and neuronal development holds promise. Future 
studies in this area could use new, better tools for spine analysis and a larger sample size. 
The effect of MKRN3 on GnRH morphology is worth studying it in a younger population 
of mice such as at PND10. 
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 The work outlined in this thesis suggests that MKRN3 may play a role in the 
synaptic plasticity of neurons in the arcuate nucleus. The significantly reduced number of 
spines in wildtype mice compared to the knockout animals is consistent with an 
inhibitory role of MKRN3 in neuronal maturation. These results can help us further 
understand the action of MKRN3, its role in regulating the timing of puberty, and the 
mechanisms by which MKRN3 deficiency causes central precocious puberty. 
Understanding the effects of such mutations can open a path to more targeted treatments 
of central precocious puberty, making important strides in the field of pediatric and 
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